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COOLING OF GAS TURBINES
- EFFECTIVENESS OF AIR COOLING OF HOLLOW
TURBINE BLADES WITH INSERTS

By Joseph R. Bressman and Jobn N. B. Livingood

SUMMARY

An anpalytical ipvestigatlon was mede to determine primarily the
reduction in cooling-alr requirement and the Increase in effectlive
gas temperature for the same guantity of cooling air resulting fram
the use of an insert in the cooling-alr passage of a hollow air-
cooled turbine blade. The lnsert provided an annular cooling-alr
passage and lowsred the ratio of cooling-air-flow area to minimum
hot-gas-flow area per blade. Equations for the blade radial stress
and temperature distribution were derived and the analysis was
applied to a specific turbine using three blade designs: & hollow
blade and two hlades with different inserts. A secondary object of
the investigation wes’ to obtain the effect on dllution of neglecting
radiation from the '-nozzles toc the turbine blade, radlation fraom the
inner blade wall to ‘the insert, and radial heat conduction, both
geparately and collectively, for 8 hollow-blade design with an lnsert
and Por fixed values of the effective gas tempersture, average lnsert
temperature, and turbihe.tlp speed. The effects on blade tempsrature
of variations ln blade-root temperature, average insert temperature,
and blade-root cocling-air temperature were also investigated for a
specific offective gas temperature and dilution. .

For & hollow air-cooled turbine blade with an Insert, which:
reduced the ratio of cooling-air-flow area to minimum hot-gas—flow
area per blade approxzimately one-half, and for a limiting coollng-air
Mach mumber of 0.50 at the blade root, the alr mass flow for adeguaste
cooling of the blade was reduced two-thirds and three-fifths below
that for & blade with no lnesert for effsctlve gas temperatures of
1900° and 1700° F, respectively., The blade Mach numbers were found
to be 0.55 and 0.53 for effective gas temperatures of 1900° and
1700° P, respectively. For the same blade-insert design and a -
dilution of 3 percent, the effectlve gas temperature was increased
"310° F above that for a blade with no insert at a blade Mach number
of 0.50, For the same blade-insert design and typical turbine
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operating conditions, it was found that neglecting radlation from

the nozzles to the blade, radiation from the inner blade wall to the
insert, or radlal heat conductlion decreased the dilution about

0.25 percent, increased the dilution about 0.25 percent, and increased
the dilution about .10 percent, respectively, for safe operation at
the critical blade point. Neglecting all thres sources of heat
transfer collectively resulted in so slight & change in dilution that
& 3~-percent dllution was shown %o be sufficient for safe operation

at the design tlp speed of 1300 feet per second. In general, the
temperature~distribution curves were shown to be nearly the sanme

from the blade tip to & polnt near the blade root; at the blade root,
the curve including radiation and radiel heat-conduction effects
rapidly diverged from the curve excluding these effecta. For this
same blade-insert design, it was found that a 100° F change in blade-
root temperature, average insert temperature, or blade-root cooling-
alr temperature resulted in a change in the temperature of the
critical sectlion of the blade of 7.5° F, 27° F, and 30° F, respectively.

INTRODUCTION

The problem of wtilizing high temperatures in gas turbines and
Jet-propuleion engines has been approached from two directions: +the
development of high-strength, high-temperaturg materials and the
cooling of the materials currently Iln use. High-temperature materials
currently avalleble limit temperaturea at the turbine inlet to approxi-
mately 1500° F; consequently, in order to utilize higher temperatures,
it is neceasary to resort to ocooling, Turbine-blade cooling has
several disedvantages: (1) The mechanical complexity of the engine
increases; (2) a power loss occurs in circulating the cooling medium,
although with schemes for regenerative cooling a heat loss or a loss
in working fluld is not inevitable; (3) the manufacturing problems
appear to 1limit blade forme when compered with solid blsdes; and
(4) many blade-dimenslon parameters chosen for good cooling may not
be satisfactory when asrodynamic blade performance is considered. In
order to warrant the use of coollng, the heat-transfer process must
be an efficient one.

Resesaxrch recently reported in this country and abroad on the
cooling of turbine blades (references 1 to 12) considers methods of
indirect cooling by conducting heat away from the blade and direct
cooling by air or liquids flowing in hollow passages in the blade.
The enalyses demonstrated that, for high-power turbines with long
blades and high specific maas flows, Increases in gas temperatures
of the order of 100° to 200° F were possible with indirect cooling.
Conalderably greater increases in gas tempersture were made possible
by direct coollng with either water or alr ss the coolant. Although
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the potential increases in gas temperaturs are not as great with

air cooling as with liguid cooling; air cooling: involveg less
mechanical complication and avoids the necessity of a2 cooling medium
with its attendant ducting and heat exchangers. OF the air-cooling
methods discussed in the foregolng references, the method of
boundary-layer cooling (references 9 and 11) requires the smallest
quantity of cooling air, but a considerable stress andé manufacturing
problem is assoclated wilth this scheme.

Reference 7 presents a general method of analysis for temper-
ature and stress distribution in a hollow alr-cooled turbine blade
but neglects the effects of radlation and conduction. A study of
reference 7 suggests +that the ¢ooling-air reguirement could be
decreased congidersbly if the cooling air is forced to flow through
an annular passage formed by the lnner wall of the blade and an
ingert placed in the hollow blade. Blades of this type have alrsady
been manufactured in mass production for a German Jet engine.

An analysis is developed herein for the temperature and the
stress distribution of & hollow alr-cooled turbine blade with an
insert; effects of radiastlion, conduction, and coollng-alr temper-
ature rise due to compression ocourring in the passage through the
turbine blades are Included. The primary purpose of this analysls
is to show the reduction in cooling-air requlrement for glven ,
operating conditions and the increase in effective gas temperature
for the seme quantity of cooling alr resulting from the use of an
insert in the blads cooling-air passage. Effscts of radiastion from
the nozzles to the burbine blades, radiation from the inmer blade
wall to the insert, and radial heat conduction on dilution are also
given for selected operating condltions. In addition, the effects
on blade temperature of varlatiomsln blade-rcot temperature, average
ingert temperature, ard blade-root cooling-alr temperature are
given; caloulations are alec included to determine the heat loss to
the cooling air.

A conventional gas-turbine-blade design was chosen for the
application of the analysis. The cooled turbine was assumed to be
operating at the design conditlions of turbine-inlet pressure,
rotational speed, and mass flow. The hollow blade was designed for
the same tip-to-root ratio for metal eross-sectional ares as the
uncooled blade. Three ratios of cooling-alr-flow area to minimum
hot~gas-flow ares per blade were investlgated. The radlal stress
distribution and the permissible blade temperatures (based on stress-
rupture data for cast S-816 high-temperature alloy) were calculated.

s : . . . B : ’ :



4 NACA RM. No. E7G30

ANATYSTS OF TURBINE-BLADE:TEMPERATURE.ARD STRESS. DISTRIBUTION
‘ ,Aseumpticns

In deriving the equations for temperature and stress distribu-:'
tion, the following assumptions were made*

1. The hollow blades have a ccnstent exteornal cross sectional
area and perimeter over the blade hsight

2.. For the purposes of stress calculatien, the.blade wall
varies in thickness frem the root to the tip.

3., For the purposes of heat transfer calculation, the dimension
of the blade-root section (area, perimster, and thickness) exist '
over the blade haight. '

4. Heat ls conducted in & radial direction only; the heat flows
through the blade wall with a negligible temperature differential.

~ 5. The blade temperature is_eonstant over any-crosshsection.

8. The Prendtl pumber of the cooling air remains constant
throughout the blade.

7. The outslde hest-transfer ooefficient is constant over the
blade. outer surface.

s

8. The .effective geas temperature 1s constant over the blade
outer surface,

9. The inside heat- transfer coefficlent is constant over the
immer surface of the blade, .

10, The only surfaces radiating heat to the blades are the
turbine nozzles. }

11l. No external surfaces are colder than the rotoxr blades to
which the rotor blades could radiate hsat.

. 12. The turbine nczzles are at the effective gas temperature
relative to the rotor blades, C

13, The emissivity factoras for the nozzle, blade, and Insert
surfaces remain constant at mean values ovor the blade height.
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14, The radiation coefficients for nozzle, blade, and insert
surfaces remaln constant at mean valuss over the blade height.

. 15. The insert tempersture remalns constant at a mean value
over the blade height.

' 16. Bending. stresses or stress concentrations are ignored. The
stress ls constant over any blade cross section and is egual to the
calculated centrifugal stress at that cross sectlon.

17. The insert is self-supporting and does not increase the
stress in the blade.

18. The criterion of blade fallure is the stress-rupture
properties of the blade material. .

Valldity ofR Assumpitions.

In assumption 5, the dlmensions of the root sectlon rather
than average dimensions for the blade helght are assumed because the
critlcsl section of the blade, the polnt where fallure will firegt
.occur, is 10 to 15 percent of the helght from the root.

Asgumption 4 1s satlsfactory in the thin portions of the blade
near the tip. Near the root where the blade wall is thick, however,
the neglect of transverse conduction hes some effect on blade tem-
peratures (for typical operating conditions, the outside blade~wall
temperature was found to be 22% 7 greater than the averags temper-
ature used), but has little effect on dillution requirements or
&llowable gas-temperature increase for & glven dilution.

If no heat were removed from the turbilne nozzles, they would
agsume a temperature clese to the turbine-inlet total temperature;
however, heat is radiated to the cocler turbine rotor blades and
conducted to the coolsr casing and inner shroud. As & result, it
is agsumed (essumption 12) that the nozzle bemperature is reduced
to the effective gas temperature relative to the blades. (See
reference 10, p. 72.) T

The assumption of & constant mean value for the insert temper-
ature (assumption 15) results in a calculated value of blade-metal
temperature at the root, which is higher than the blade-metal
temperature that would exlst with a varlstlion In lnsert temperature
from root to +tip. Inasmuch as the llnearigzed raedlation coefficlent
from the blade wall to the Insert is considerably smaller than the
cooling-alr heat-transfer coefficient, the insert temperature at any
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positlon would differ only sllightly from the cooling-alr temperature
at that position. At the critical sectlon, the cooling-air tempera-
ture and, consequently, ‘the lnsert temperature is low and if the
agsumed value of insert temperature ls greater than the actual value,
the calculated value of heat radiasted from the blade to the Insert
would be lower than the actual value. The calculated blade temperaturs
at the critical section would therefore be higher than the actual tem-
perature. At the tip, the reverse conditlons exlst and the calculated
temperature would be lower than the actual temperature.

Temperature Distribution

The symbols used in the anslysis are defined in appendix A,
The equation for the radlal temperature dlstributlion in the blade
is derived In detsil in appendix B. A hest balance for a small
gsection of the blade results in the following differential equstion
for the aversge blads-metal temperaturs:

a3 a24 a P
ﬁ? + Y —s - (@ + B + 5) éﬁn + P1Py 8 - Y (aa+ B + 8)]
dy dy ¥ TaCp .
= - EEEE y - gc J Ty + + YB tp-+ Yatg | (1

Inssmuch as little dats are available on the value of the heat-
transfer coefficient for the outside surface of a turbine blade, the
following equation used in reference 7 was assumed to hold true:

0.885 _ -0.315
h, = 0.0323 G P,

Reference 13 (p. 170, equation (4f)) suggests the following
equation for the heat-transfer coefficient in apnular aspaces, which
was used to calculate the hesat-transfer coefficient inslde the

blede:
DzGa o's'ka
hi = (0.020 B
Ha 1

44,
Dy = ———
P1 + Pp ,

where
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and
Ay = Ay - Ap

(reference 13, pp. 200 and 202, equation (24)). The diameter D,

is the hydraulic diameter for the couoling-air passage and ug @and kg
are determined for a temperature of 400° F. For the blade without
en insert, pp =0 and 'D; = 44,/p;. 'If the chenge in h; due to
the variation in the ratio ka/uaO;B with temperature is neglected,
the heat-transfer coefficlent inside the blade remsins constant along
the blade height. S o

The coefficients h, &and h, are calculated as the product of
“the radlation interchange factor "E and hy, the radietlon-coeffi-
clent., The interchange factor E. 1s a function of the emlsaivity
of the radiating surface, the absorption of the recelving surface,
the surface areas of the radiating and absdorbing surfaces, and a.
factor F given 1n terms of direct geometrical factors.

For any particular set of operating conditions, the coefficients
in equation (1) are. constants-that can be numerically evaluated and
the eguation becomes a linear differential equation with constant
coefficlents. A general solution of the equation is given in the
following form: ' ’

Ao

ty = cleA:Ly + cge I csexsy + C4Y + Cg (2)

The evaluation of the five constants in equation (2) is given in
appendix B. ' :
Stress Distribution

- The equation for the centrifugal stress at any croes section ¥
in & linearly tapered blade, as derived in appendix C, is:

2 . .
L. . P (/Am,t_l>{-f_§_l+?_z:l(x_z
A UV iS4 e
2g (}—LE -Z€)2:+ 1 .
L Am,r L ’

. 2 . '
L .
[2@7; Sl € ]} ®
LN/ ]
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The equations for temperature and stress distribution were used
for the following reasons: (1) to determine the reduction in cooling-
alr mass-flow requirement resulting from the use of an inassrt placed
in the cooling-alr passage; (2) to calculate the effect of meglecting
radiation from the nozzles, radiation to the inegert, and radisl heat
conduction on dilution; (3) to calculate the effect on blade temper-
ature of changes in factors such as blade-root temperature, average
insert temperature, and blade-root cooling-air temperature; (4) to
determine the effect of negleoting transverse conductlon through the
wall; and (5) to calculate the heat loms to the cooling air.

APPLICATIONS OF ANALYSIS
Effect of Insert on Cooling-Air Regquirements
and Effsective Gas-Temperature Increase

The temperature and stress distributlions were calculated for
three alr-cooled turbine blades: one hlade without an insert
(fig. 1(a8)) and two blades with inserts of different size placed
inside the cooling-air passage (figs. 1(b) and 1{c)). The external
blade shape was chosen from the rotor yroot section of a conventional
gas-turbline design. The blade wall varies from a thickneass of
0.060 inch at the root to 0.020 inch at the tip, which gives a _
tip-to-root ratio of 0.333 for the blade-mstal cross-sectlonal aresa.
The turbine-blade dimensions are given in table I.

The blade temperatures at various positions were calculated
from equation (2) end plotted as a function of the blade position.
The stresa at various blade positlons was camputed for various tip
speeds by means of equation (3) and the permissible temperature
corresponding to the stress at any blade posltion was taken from
stresa-to-rupture data (fig. 2). These calculations gave the
permisesible radilal-temperature. distridbution, which was plotted with
the calculated temperature distributlons. The curve of permiseible
blade~-temperature distribution shows the maximm safe operatling tem-
pereture permitted at any point on the blade for a particular blade
tip speed. If the curve of calculated bhlade-temperature, distributlion
crosaes ‘that of the permissible blade-temperature distribution, the
blade wlll be too hot for design 1life in the region between the two
curves and will presumably fall by rupture earller than anticlpated.
In order for the blade to operate safely as designed, the curve of
calculated tempersture dlstribution should be below the curve of
permiseible temperature distrilbution or, at least tangent to the
curve of permissible temperature dletribution at the critical section
and below it at all other points., (See figs. 3 to 5.)
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Effective ‘gas temperatures of l700° anﬂ 1900° F correspondipg N
$0 turbine-inlet total temperatures of 192@°'and ZlLO F, respectively)
were considered, The relation between the absolute effectlve gas -
tempeyature and the gbsolute .turbine-inlet temperature 18 derived in
appendlix D. For an ideal impulse turbine eperating at the optimum -
blade-Jet speed ratio, the ratlo’ oF absolnte effactive gas -temperature
to absolute turbine-inlet . temperature 1! 0,907 . The temperature
distrihutions in the blsdes were éalculated for variods- dilutions
(ratio :of: cooling—air mags flow to hot-gas mags flow) for each blade.f
The.dilutions were so. chosen. that the cooling-air Mach numbey at.the -
root M, was less than 0.50 and it was’ assumed that the copling-air
temperature at the. rcdot was 400° F. ‘A’ blade-metal temperature gt -
the root was assumed” snd equstion (1) solved, .If the assumed root.
temperature was less than- -150° 7 below the celculated temperature
at the critical section, & new Yoot temperature was aegsumed and
equation (1) was re-solved. The Yoot temperature was chosen_as-150°% F
below the critical temperature because it hag been found (reference 3)
that larger temperature differentials do not appreciebly affect the
blade temperatures near the critical portion of the blade.

“In order to determine the radiation coefficient and the inter-
change “factor  E, it was necessary to gssume values of emissivity
for the radiating and gbsorbing surfaces, - The values of emlsslvity
wers chogen from the" Pactors given. for nickel alloys in reférence 13.-
The emissivity of the blade surface wasg assumed to be 0,90 for an |
average blade. temperature of 1400° F and that for the nozzle surface
was assumed to be 0,95 for nozzle temperatures of 1700O and 1900° F
which are the same as the correspbnding effective gas temperatures.

The values for the factors Fh m. and Fm.p wore taken as unity -

because the surfaces considered are nearly the ésame as surfaces for
whlch these factors bhave been found to equal unity. The use of
these assumed factors resulted.in values of nozzle radiation
coefficients h, En m B of 56 for a nogzzle.temperature of 1900° F
and 43 for a nozzle temperature of 1700° F. These nozzle radiation
coefficients were assumed to remain constant for all variations in
average blade temperature. The emissivlity of the insert surface was
chosen as 0.5 for an average temperature of 600° F for blade 2 and
700° F for blade 3. This value of emissivity and the assumed value
of unity for Fh.P resulted In an average value of the radiation
coefficlent from the inside blade wall to the insert surface

‘ hP Em ,D hy, . of 12, Additionel turbine operating factors are

listed in table Iz,

~ The blade mstallchosen.was cast S-816. The stress-tosrupture
strength for 1000 hours as a functlon of temperature for. this alloy
is plotted in figure 2. (See reference l4.) The stresses and
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corresponding permissible teupersturén were caloulated for the-
‘désign tip spaed of ‘1300 feet per. second and far speeds of- 1200
and - 1400 feet pér. second in order to shﬁm.the raquired thnge in
tip speed “for safe dpe!ration. C LRV

Galculations were also made in order to plot tho increaae in -
effective gas temperature against dilution for bledes 'l and 3 at. a
blade Mach nudber: ‘M -(ratio of tip speed to.genic velocity of hot
gas "a¥ thé effedtive gas temperature) of 0,50.. Blade 2 was-not
considered in this .investigdtion; the caloulations were intended :;
only: to dompsire the blade without an insert to the blade with an -~ . ...
insert, .Iines of constant .codliug-alr Mach number . My {(ratio of ...
voloeity of - cooling alr within the blede to the critical veleocity. -
of the Gooling air) .were superimposed. The cxitical velooity of -

i ...-y_ Ve A

thu cooling air (Ma = 1. o) is 4! 73R(Ta * 460)

Effect of Nbglecting Radiation and Radial Heat

Gonduction on Dilution :

. For a constant design tip spoed of 1300 feet per second, ‘an
effeotive gas temperature of 1900° F, and an average insert tempor-.

ature.of 700° F, temperature distributions were obtained for blade 3
Ffor varique éilutions with nozzle radlation, insert radiation, and .
radjal heat conduction neglected separately and collectively, The .
distributions, with nozzle and insert radiation neglected, were
obtained by &olving equation (1) with hy = O and hp = 0 and by'
applying the following boundary conditions‘ .

ty p = 1200° ¥, when y = 0
ta,r = 400° F, when y =0 = '
ql . X d tel
.o . 1;;3 =0, when y = L. . :

These boundary oonditions are the same as those used when the effect
of radiation was included, . :

" When'radial heat conduction was negleécted, the .order of the
differential’oquation'exproooingfthe'temporature diatribution through
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the turbine blade was reduced from 3 to 1. The equation was derived
(appendix B) with Q) = Qy = O; the heat balance was found to be

(hpd + hoPo) (e = ty) = hypy(ty - tg) + Bppy(ty - tp)
Substitution for +, apd simplification reduces this eguation to .
hipi
kY' tm'&c

“-"2-"'1‘ (Bgb + hopo) ( h hipp) ,
gc =+ " Y tg + —f Y+ o tp (4)

where’

hipy

Z
(bpb + hoPg + hipy + hppi)

For any set of turbine'operating conditions, the coefficlients
become constants and the equation 1s easily solved, being linsar
and of the first order. The boundary condltion ‘chosen was

ty p» = 400° F, when y = 0 to correspond tq one previously used in
or&er to compare results. Without conduction, moreover, a rim tem-
perature of 1200° F was no longer justified; with Ty a,r = 400° F,

the rim temperature was found to be about 13352 F.

The effect of neglecting noszls radiation, insert radiation,
and radial comduction collectively was found by solving equation (4)
with h, = hy = 0, and by, using Fhe same boundary condition

ta,r = 400° F,when y = O.

Effect of Changes In Analysis Factore on Blade Tempersture

In order to demonstrate the relative lmportance of various
factors in the analysls, the effect of a variation in these factors
on the blade-temperature distribution for blade 3 was determined.
Blade-root temperatures of 11000_ 1200 , and 1300° F, average insert
temperatures of 600°, 700°, and aoo F, and blade-root cooling~alr
temperatures of- 300° 400o and 500° F wers comsidered. The calcula-
tions were made for a dilution of 3 percent and an effective gas
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temperature of 1900° F. Other turbine operating conditions for
blade 3 were the same as in the calculations for the effect of the
insert. : : :

Heat Lose to Cooling Alr

In order to calculate the heat loss to the cooling air, it ls
necessary to determine the coollng-asir temperature rise. The cooling-
air tempsrature distribution was calculated by means of equation (12)
in appendix B for blade 3 with 3-percent dilution and for blade 1
with lO-percent dilutlon for an effective gas temperature of 1900° F,
Other turbine operating conditions for these calculations were the
gsame as in the preceding calculations, From a determination of the
temperature rise of the cooling air, the cooling-air mass flow, and
a mean value of specific heat, the amount of heat absordbed by the
cooling medium can be calculated. The enthalpy drop through the
turbine can be found by the following equation if the total-pressure
ratlo acrose the turbine 1s assumed equal to the critical preseure
ratio acroses the nozzles @Ebsclute exit velocity neglected):

r-1
7
Actual enthalpy drop _ mg?p(Tg + 460) ] - Pn,z (5)
Blade - ™ Pn,l,

where
Ng = 85 percent

Ty = 2180° ¥
P - 1 ' |
n,2\ _ 2 Y -
(?n:l>-(? " i) = 0.544 for ¥ = 1.317

The heat lose to the coollng fluld can then be found as a percentage
of the turblne enthalpy drop.

RESULTS AND DISCUSSION
Effect of Insert

The resultse of the calculatlons for blades 1, 2, and 3 are
shown in figures 3, 4, and 5, respectlvely. For an effective gas
temperature to of 1900° F and a limiting cooling-air Mach number
of 0,50, it would require slightly more than 1O-percent dilution



NACA FM No.-E7G30 13

for blade 1, slightly -more.than S-percent dilution for blede 2, and
3-percent dilution for blade 3 to.cool the oritical section of the
blade (10 to 15 percent of height from the:root) below the permissible
temperature corresponding to the-deslign tip speed of 1300 fest per-
second. At an effective gas temperature of 1700° F, slightly more
than S-percent dilution for blade 1, 3-percent dilution for blade 2,
and about Z2-percent dilution for blade .3 <18 necegsary to cool the
critical sec¢tion below the permissible temperature. _ .

A comparison of the results Tor. blade 1 with those Por blade. 5
. Indlcates that a safe operating point for blede 3 can. be achieved -
for an effectlive gas temperature of 1900° F with 3Z~percent dilution
as compared with over 10 percent for blade 1, which is & reduction
of over two-thirds the oocling-air requirement. For an effectlve
gae ‘temperature of 170Q° F, the reduction is from over 5 percent

to 2 percent, a reduotion of gbout three-fifths of the cooling-air
requirement. . : O

The effect of the ratio of cooling-air-flow area to minimum
hot-gas~flow area on the approximate dilution required for safe
operation.is shown in figure 6. As the ratio 4;/Ay .is reduced,
the-slope of the curve decreases, which means that the dlliution
will be slowly reduced with values of A;/A; less than 0.4. In
other words diminishing returns result from reductions of the
- raticé A;/A, less than roughly O.4. A low value of this ratio
can be achieved by reducing the velue of Ay or by lowering the
solidity of the turbine (1ncreasing blade spacing) to 1ncrease the
value of Ab.‘ '

’ Figurs 7 ehows the increase in -effectlive gas temperature plotted
- agalnst dilution with lines of- constant cooling-ailr Mack number
superimposed for blades J and 3; the calculatlons were made for &
blade 1life of 1000 hours and a blade Mach number of 0.50. For a
dilution of 3 percent, the effective gas temperature ‘wag increased
310° F by the insert.

. Effeet of Negiecting Radiatibn and Radiel-Eeat
- ‘ Conduction on Dilution -

: E$fect of radiation frdm nbzzles to blade wall,’ ~"The effect -

on dilution -of neglecting radiation from the nozzles to the blade-

:wall in blede’ 3 is shown in figure 8; temperature ‘distributions

- are. given for thrse gilutlitns, .-The results indicats that a dilution
of 2.75 percent will suffice for safe operation at the design tip.
speed of 1300 feet per second; therefore, neglecting nozzle radilation
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decreased the dilution sbout 0.25 percent (from 3.00 percent to
2.75 percent).l This reduction is. smaller than might be expected
because the effective blade area for absorbing radlation was only
about one-third that of the blade-surface area used in conjunction
wlth the outslde heat transfer equation.

Effect of radiation from inner blade wall to insert. - The
effect of neglecting radiatlon to the lnsert In blade '3 is shown
in figure 9. Temperature distributions were obitained for two
dilutions. It was found that neglecting the insert radiation
increased the dllution ebout 0.25 percent (fram 3 4o 3.25 percent)
and st1ll insured safe operation at the design tip speed of 1300 feet
per gecond. ,

Effect of radial heat conduction. - The effect of neglecting
radial heat conduction'in blade 3 .is shown in figure 10. In this
case, the dilution must be increased about 0.10 percent (from 3
to about 3.10 percent) in order to reduce the temperature-distribution
curve below the permissible-temperature curve for a design tip speed
of 1300 feet per second.

Effect of neglecting radiation from nozzles, radiation £0 insert,
and radisl heat conduction. = Tne errect of collectively neglecting
ell three sources of heat transfer (fig. 11) is very slight. The
3-percent dilution is sufficlent for the design tip spesd of 1300 feet
per second, which indicates that a good approximation may be obtained
by neglecting radiation from the nozzles and to the lnsert and radial
heat conduction, and therefore, by the solution of a simple linear
differential equation of the first order. In designing an adequate
turbine blade with an Insert, this simplified method will suffice
for the basic selectlon of the blade deslign; the effects of radiation
and radial heat conduction cgn then be included as a refinement.

Effect of Changes in Analysis Factors'on

Blade-Temperature Distribution

Effect of blade-root temperature., - The effect of blade-root
temperatures of 11000, 1200°, and 1300° F on the temperature distribu-
tion in blade 3 is shown .in figure 12. Theae root temperatures
correspond to differences between root and critical-section tempera-
turea of approximstely 50°, 150°, and 250° F, respectively. The
effect of root temperature (or conduction to the root) is small; a
100° F change in root tempersture resulted in & 7.5° F maximum change
in blade temperature at the critical section and & negligible change
over most of the blade height.



KACA BRM No. E7G30 . 15

Effect of average insert temperature, - The effect of average
insert temperatures of 800°, 700Y, and 800° F on the temperature
distribution in blade 3 is shown in figure 13. A 100° P changs in
average insert temperature resulted in a 27° F change in the temper-
ature of the critical section. "If the insert temperature at the
root 1s the same &s the cooling-eir temperature at the root and the
insert temperature varies linearly with the blade position, & 100° F
change in average ihsert temperature would require a 200° F change
in insert temperature at the tip. For a particular set of operating
conditions, the Inssrt-temperature distribution is uniquely determlned,
The assumption of an average lnsert temperature in the heat-transfer
cgleulation means that the heat removed from the critical section
will be less than 1f the aptuasl insert temperature at the criticel
section had been used;.therefore, the blade-metal temperature iy
at the critical section sctually would be somswhat lower than
calculated, o : - '

" Effect of blade-root eoollng-air temperature, - The effect of
blade-root cooling-alr temperatures of 3009, 400°, apd 500° F in
blade 3 is indicated in filgure 14. A 100° F chahge in blade-root
cooling-air tempsrature resuylted in & change at the critlcal section
of approximately 30° F; the change diminishes somewhat toward the
tip of the blade. The blade~root cooling-aiy temperature should
therefore be maintalned as low as possible. '

Loss of Heat to Cooling Air

The cooling-alr temperature distributions for blade 1 with
1Q0-percent dilution and for blade 3 with 3-percent dilution are
shown in figure 15. The wvariation in cooling-ailr temperature was
calculated from equation (12) in apperdix B. The slope of the
curve, or the rate of increase in coolling-air temperature with
height for blade 3, is greatest near the root and diminishes
gradually toward the tip, which means that the cooling air picks
up more heat at the root sectlion than at the tip. This Pact is
due to the larger temperature differential between the hot gases
and cooling air at the root than at the tip,

For an average value ¢ of 0,250 and a cooling-alr temper-
ature range from 400° to 825° F, the quantity of heat absorbed by
the cooling alr wes calculated as Ffollows: ‘

The temperature of the cooling air increased from 400° to
825° F, or 425° F. 1If no heat had been transferred to the sir,
the temperature would have risen 72° F on being compressed
isentropically in the blade; comsequently, the net temperature
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rise due to heat absorbed by the cooling air is 353° F and the heat
.absorbed is 13,800 Btu per hour per bhlade. The heat absorbed by the
cooling air in blade 1 is approximetely the same as in blaede. 3. The-
enthalpy drop through the turbine calculated by equation (5) for a
‘meen value of for the hot geses of 0:286 was found %o be

635,000 Btu per Eour per blade. The heat removed from the gas is
therefore about 2.2 percent of the enthalpy drop through the turbine.
If more ‘energy were taken out. of the “turbine with a larger pressure
drop, the heat removed by the cooling air would be a smaller percentage
of the enthalpy drop through the turbine. '

t
]

SUMMARY OF RESULTS

Results were obtalned from an analytical investigation of ‘the
effectivenesa of alr cooling of hollow turbine blades with inserts,
" For & partiliculsr hollow air—oooled ‘turbine blade and set of turbine
operating conditions, the use of. an ineert in the blade, which
provided an annular oooling-air paeeage and reduced the ratic of
cooling-air-flow area to minimum hot-gas-flow area per blade from
'0.990 to 0.447 gave the following resulte '

1. For a limiting cooling-air Mach number of 0.50, the required
cooling-air mass Fflow was reduced two~thirds and three—fifthe for
effective gas temperatures of 1900°C and 1700° F, respectively, when
the blade with the insert was used 1ln place of the hollow blede; the
blade Mach numbers were 0.55 and 0.53 for effective gas temperature
'of 1900° and 1700° F, respectively.

2. For a dilution of .3 peroent the effective gas temperature
was increased 310° F when the blade with the insert was uged in place
of the hollow blade.

. 3. For the seme blade-insert design, & design tip speed of
1300 feet per second, an effective gas tempersture of 1900° F, and
an average insert temperature af 7009 F, the following results wore
obtalned: .

' " (&) Neglecting radiation from the nozzles to the blade wall
decreased the dilutlon about 0.25 percent, : .

(b) Neglecting radilation from‘ the inmer blade wall to the insert
~increaged the dilution about 0.25 percent.

(o) Negleoting radial heat conﬂuction Increaged the dilution
about 0,10 percent.

(4) Neglecting nozzle radiation, insert radilation, and redial
heat conductlon collectilively had no appreciable effect on the dilution.
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(s) Neglecting radiation and radial heat conduction, which
simplifies the temperature-distribution equation, gave a good
approximation for blade temperatures.

4. For the same blade-lnsert design, an effective gas tempera-
ture of 1900° F, and a dilution of 3 percent, the following results
were obtained: . .

(a) A 100° F change in blade-root temperature resulted in a
7.5° F maximum change in the temperature of the critical section of
the blads.

(b) A 100° F change in average insert temperature resulted
in a 27° F change 1in the temperature of the critical section of the
blade.

(¢) A 100° F chenge in the blade-root cooling-alr temperature
resulted in a 30° F change in the temperature of the critical section
of the blade.

Flight Propulsion Research Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohlo.
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APPENDIX A
"‘SYMBOLS
The followiné s&mbols are used ln this analysis:
crosg-gectional area, sq £t :
gonlic veloéity of hot games at effective gas temperature, ft/sgc
number of blades R | . .
effective blade width fof radiation, 2x(ry - 1/2)/B, £t
constant
specific heat &t constant pressure, Biu/(1b)(°F)
hyfraulic diasmeter of cooling-air paasage, éAE/(pi + pp), ft

radiation interchange factor:

1
I =
(). B )
Fn,m n Sm n

En,m (nozzles to blades) =

Em,p (plades to insgrt) =

centrifugal force, 1b

functions of geometrical factors of surfaces (reference 13, p.58)

mass veloclty relative to blades, 1b/(sec)(eq ft)
acceleration of gravity, 32.2 £t/sec®
constant in eguation (19)

heat-transfer coefficient, Btu/(hr)(sq £t)(°F)
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hr. general radistion coefficilent,

th + 460 /o, + 460N |
0,173 - (e

ty - %

, Btu/(hr) (sq £t)(°F)

mechanicel equivalent of heat, 778 £t-1b/Btu
constant

thermal conductivity, Btu/(hr)(sq £t)(°F/ft)
blade length, f+t

blade Mach number, v/a8

cooling-alr Mach number, V,/a,

mass flow per blade, 1b/hr

W oB é: - = O o -

total pressure, 1b/sq £t absolute

static pressure, 1lb/sq £t ebsolute

o) g
o

perimeter, £t
average blade perimeter, £t

heat flow, Btu/hr

H o©

ges constent, 53.3 £t-1b/(1b) (°R)

H

radius of turbine, £t

03]

surface area for radlation, sq ft

blade stress due to centrifugal force, lb/sq in.

totel temperature, COF

temperature, OF

(I R |

s static tempsrature, °F

.

relative veloclty of fluid, ft/sec



20 RACA BM No. E7G30

v blade tip speed, ft/sec

w maximum blade width, ft

Y hy(py + pg)/maop g S

b 4 distance from blade foot*ﬁo an&-point on bladé, £t
z hipi/(bpb + hopo + hipi + hppi)

@ (ngb + hopy) /i, D6 -

B hppy/k o

V4 ratio of sﬁecific heats

8 hyp4 /Y56

€ emlsaglivity coefficient

0 angular velocity of blades, radians/se¢

o ebsolute viscosity, 1lb/hr-ft

6  blade-wall thickness, ft

1 factor in equation (22) for effébtive'gas temperature

Ny, turbine~shaft efficiency
P density, lb/cu £t

A root of auxiliary squation in solution of differential equation

Subscripts:

a alr (with t refers to effective air temperaturs)

b minimuﬁ,hot-gas flow paséage per blade-

c cold éurface

e ges (with & refers to effective gas temperature)
gas )

h hot surface
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i inner blade surface

Jd nozzle Jet

2 cooling-air passage

m metal

n nozzle

) Suter blade surface .
P insert surface (except for cp)
r blade root (except for hy)
t blade tip (except for ht)'
¥ any point on blade

1,3 inlet

2,4 outlet
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APPENDIX B
DERIVATION OF FQUATION FOR RADTAL TEMPERATURE
DISTRIBUTION IN HOLLOW AIR-COOLED

BLADE WITH INSERT

A hollow blade with an insert is considered (fig. 16(a)). The
temperature gradient through the wall and the changing blade cross-
sectional ares are neglected. A heat balance for a emsll portion of
the blade height dy resulis in the following conslderations;

Heat-entering:

tm

Q; = heat entering by conduction = ;D6 dy(tm + === dy)

(See refersnce 3.)

Qz = heat entering by radigtion from the nozzles and by convec-
tion = (hyb + hobo) (tg = ty) dy

(See reference 13.)

Heat leaving:

d
Qz = heat legving by conducition = kmpe tm
Q4 = heat leaving by convection end by radlstion to the insert
= hypy (bt - tg) 4y + bpps (g ~ tp) 4y
Heat balance:

Ql'i’Qs‘Q,z';‘Qé:o
or, by substitution,

a az at
lcmpe --E—m + K, p6 —c-l-—t-f‘? dy + (bpb + hobo)(ty - ty) dy - kppé E}E
y

- hypy(ty - tg) dy - hppi(tm - tp) dy = 0
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By eliminating dy and collecting terms

as Py hap b + h.p hyp
ﬁ; - hp-i e L e\ _Fo o)y + Bl g,
dy kP8  kppo knp8 kP8

h ' h.b
k,po knp8

_ bgb + Bopg
kD6

a

then

2

d

d——-l-s-zm-(u.+[3+5)tm+5ta+ﬁtp+mte=0 (6)
¥ )

The total riss in temﬁerature.of the cooling air relative to the
blade is due to {1} the heat absorbed, amd (2) the compression of
the air in the blade. The two parts are calculated as follows:

(1) Tempereture rise due to heat absorbed from blade

maCpiTy = bypy (by = tg) 4F + hypy (b, - 65) dy (7)
hipy (ps + Pp) bipp
aT, = [macp ty - hy “Hno, bty + B0 dy (8)

(2) Temperature rise due to compression in the blede

The effective air téﬁperatpre is considered equal to the total tem-
perature of the cooling-alr relative to the blade. The temperature
rise due to moving a particle of alr radislly through a strong
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centrifugal field can be calculated from Bernoulli's equation in
differentiel form for compressible flow in a centrifugal fleld

P .
—5:8 4 Vav, -~wlrdr =0
- R

(9)

Application of the general ges law Dy ,a = Rp(ts a + 460) to
Bernoulli's equation leads to

dpg W
g ﬁ R(tg, g + 460) + VadVy =°r ar
r

Replacement of the pressure term by = static-temperature term,
obtalned by logarithmic differentlation of the adiabatic relation

(1t can be shown from compressible flow theory that K 1s constent
along the passage)

gives
;ﬁgzi Aty o + VadVy =0 gr-
However g
t. . =T - _Eé_“
8,8 a8 2c.gd
P
and
V,dV,
_ _.a'a
dts,a = dT, e aT
b
Therefore,

S -1 a 5 -~ 1 o83 + VgdVy =W r dr

Because R = cPJ(?~§—;)
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But r =y + r, and "dr = dy; that 1s,
20w\ o
& = ..w_z.;._l‘.dy - . (10)
a ge.d  ge . d
p* o
a Vaz
With the assumption thet 4T, = dtg, because — (l-n) is
AeeH . S ar Y 2gley

small, addition of equations (8) and (10) glves |

dt. = £ + .+ (y + rr) - ————————— }_ldy (11_)
=3 [v cP m. macP P gcpJ TgCp a

The value of 1%y obtained by solving equatlion (6) is
d

% —-%____
d

S(a+848) by -t -S4, (12)

Differentiaticn of equation (12) shows

— . .1
-8

d3tm by ,
(IysA (cn + B+ 8) = Iy F].S)

Equating equations (11) and (13), using eq_uation {(12) for tgy, and
letting _ , .
hi(PE + pi) _
meCh

results in

3 2 o |
it a%+ by hep
3m m+%—(m+'ﬁ+5)"d—y'+lt§(c.+ﬁ+5)- ii:ltm

1
o=
t
N4

ma GP

S e w°%r hyp ' '
=8 r, 1p p4
= ' *'[gcpJ + Bty By + § (Btp + ate)
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The result of changing sign and multiplying by & 1s

a3ty . 4Pty dty | bypy
— + Y-——Er - (m + B+ 6) el + (;;cp 3 —_Y (0 + B +38) |ty

dy dy

= - gGZ;J y - [80 J (nlac & + YB) t. + Yab ] (1)

which can be rewritten as

(D5 + alD? + 85D + &3) by, = 84F + 8g {14)

where a;, ap, az, &84, and &g are the coefPicients of equa-
tion (1) and are constants for a chosen set of turbine operating
condltions. A solution of thls equation is

ALY A 23" : J
ty = cq@ ¥y ¢pe + 033%5 + C4¥ + Cg (2)

The comstants Ay, Ay, and Az are the roots of the cubic

equation (in the parentheeea) of the left member of equation (14)
set equal to zero. This cublec equation was solved numerically by
Horner's msthod.

The constants ¢y, ¢, and cz are determined from the
following boundary condltions:

ty

ta,r = a constant, when y = O.

a constant, when y = O,

dty/dy = 0, when y = L. (15)
The constants ¢4 and ¢ are found as follows:

(a) Divide unity by az + agD + alDz + DO (the term in the
parenthesis in the left member of equation (14)).

(b) The result is of the form A; + AgD + ..., where D denotes
differentiation. Because the right member of equation (14)
ig linear, the division may be stopped after the second term
(A + AgDS inasmuch as 8ll derivatives of orders higher than
the first vanlsh.
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(¢) This result is then used as an operator on the right
member of equation (14), or (8; + ApD}(asy + as), which
results in Aja,y + Ajag + Apag.

(d) ¢4 1is then Ajag + Apay.

The relation between the air and metal temperatures , glven by equa-
tion (12), is rewritten as

a4,
t& = Kl —-——2 + Kztm + Ks'bp + Ké'be . (16)
ay
where Ky, Ky, Kz, K4, and tg are all kmown congtants,
Differentiation of equa.tion l814:) gives

Aty

Rt Aoy A3y
e cl?\le + cz?\ze + CzAz0 + Gy (17)

Differentiation of equation (17) gives

2 A
d 1Y ¥ AzY
.bzln = Cl?\lze + 02?\226 + 03?\326 (18)
ay
From equations (2) and (15) Por y =
| ¢y + Cp + C3 + g = constant = H (19)
From equations (17) and (15) for y = L,
A A . 1L
017\16 1y coAge. 2 4 Czhz® A3 +6, =0 (20)

From equations (16), (18), (2), and (15) for y = O,

Ky (017\12 + 63)\22 + 057\32) + KpH + Kstp + Egbg = t&,r= constant( )
: 21

Simulteneous solution of equations (19}, (20), and (21) resulis in
the desired values of the constants ¢;, ¢p, and o3.
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APPENDIX C

DERTVATION OF EQUATTION FOR RADIAL STRESS DISTRIBUTION
IN LINEARLY TAPERED TURBINE BLADE

The hollow turbine blade (fig. 16(b)) has a length L, a cross-
sectional area A, 4 at the tip and Am,r at the root. The

centrifugal force én any section dy is

nmcoz .
ar = 2 ryAm,y ¥

The total force on'cross section Am,y.-is.

L opof _
F = fy _? ryA_y_dy i
For a linear variatlon in cross-sectional area From root to tip

(Am‘;t ~ Ap,r)
Ay = L - J + Ay

and
Yy =Ty = (L"'Y)

L

p_oP S

F=_2§—J (re3 - Iy + ¥°)
7y

(Am,t '.Am,r)
L

dy

L .
%.,[’ L (ry - L +y)ay
4

After integration,

F

Pt | ( - ) (vey° 10 O 2
= L Am’t Am,r <t _L;Y' +Z;5"' +Am,r(rtY'L3'+%'

24 L 2 a

gt
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The stress 1s

and

L\¥ ‘y' 3
fe-nee s
e/ Tt (8)
Tn this form, for a given blade metal, given ratios of By, /B v

and L/rt, and & given blade length the gtress is a function only
of tlp speed . ‘
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APPERDIX D

CALCULATION OF RATIO.OF. EFFECTIVE GAS TEMPERATURE
' 70 TURBINE-INLET TEMPERATURE

The effective gas temperature for heat transmiseion 1s determined
by “the relation s

N

where 1 = 0.85 (reference 10, P. 10}, 1In reference 7, the value
N =1 was used, ; :

geThe turbine—iﬁleﬁ total temﬁerature-ieW“l o
: 2

oS VJ .
Tg = tg,g + zaio,

Because of the aesumptions of .shock-free entry and of constant
croas-sectional area, the two values of * tg ,g are the same. Hence,

by eliminating ts g between the two equations,

o 'f 2 = 2 . 2
bom o g e cn - o {1 - 0.85(o8
e g ch ) ch J € 2gcpJ * VJ
For a typical 1ldeal impulse turbine with a 250 nozzle angle at peak

efficiency, v¢/Vy = 0.5 and Vg/Vy = 0.6, = Vy - Vg3 or
VS/VJ =1 - V£/VJ = 0.5. Changing to absolute temperatures

2
v
- - |1 - 2
(tq + 460) = (T, + 480) Zaogd 1 ~ 0.85 (0.8)

a

V3
= (T8 + 460) - 0.694 TaorT

If the gas at the nozzle exit flows wlth the speed of sound,
the velocity of the gas based onm the Inlet total temperaturse becomes
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2 _ 2y
V3 —‘——'—7+lgR('I's+460) '

Then

- Y o 2z -1
(1:‘5 + 480) = (Tg + 460) - 0.894 (7 ~ 1) (T8 + 450)

and assuning ¥ = 1.3l correspon}iing, to temperatures in the range
of 2000° F,

(tg + 460)
Tr, 70 (1 - 0.093) = 0.907 (23)
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TABLE | - TURBINE-BLADE DIMENS|ONS

Jo g

Blade| Number|Blade |Tip |Wall |Wall [Perim- {Perim- [Perim- [Area of (Area of [Minimum |Ratio of|Maximum
of length|radius|thick-|thick~ eter ofjeter of|eter of| external|cooling-|hot-gas-|cooling-|blade
blades| L ri |ness |ness |outsideiinside |insert |cross |air flow air area|width

B {ft) | (ft) |at tip|at plade |blade pp |[section |passage (area per(to mini-| w
6y |root |wall |wa!l (ft) o 1 blade |mum hot-| ([ft)
(n.)| O | o Pi {sq ft) | (sq ft)| Ap  [gas—Flow
(inc) | (ft) (ft} {sq ft) |&rea
Ay /Ay

| 0 0.00241 0.980
2 54 .333 | 71,083 0.020( »0.080| »0.385( »0.3i4| .326 .00424| .00169|0.02435; .694 .0333
3 3125 .00109 447

"CN WM YIVN

0943

147
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TABLE IT - TURBINE OPERATING CONDITIONS

Hot-ges mass flow per blaede, mg, 1b/hr , + + » « 4+ 4+ 5 « » . . 5260
Cooling-eir mass flow per blade, mg, 1b/hr . . . . .Dilution X 5260
Total pressure at turbine-nozzle inlet, Pn,l: ibfeq £ . . .. . 8480
Mass velocity of hot gas, Gg, 1b/(sec)(sg £t). « ¢ » + + » .216,000
Hot-ges heat-transfer coefficlent, hg,

Btu/(hr) (Bq ft) (OF) * & ®# e @ s & e ¢ ¥ ¢ & & ¢ & 5 & 9 s ¥ > 198
Cooling-air temperature at root, ta,r, OF ¢ ¢ ¢« ¢ ¢ o s e » » 400

Effective hot-gas temperature

(also nozzle ‘bemperature), te, DF- e & 4 & ¢ ¢ 9 € 8 s 2 = ¥ éll:;gg}

Average insert temperature, tp, °F
Bladez0-9'---v-:qc-noog.-o;,c,co600
Blade 3 .+ ¢ ¢ « 4 « « o 0 1 s o 3y s e e v g e v 1 s s e s s 100

Cooling-air Mach number, Mg . « + + = + « o+ « » « » Less than 0.50

Rediation coefficlent from nozzle to blade wall for
temperature of 17000 F, hy, Btu/(br)(sq £t}(°F). . . . . . . . 43

Radietion coefficisnt from nozzle to blade wall for
temperature of 1900° F, hy, Btu/(br)(sq £t)(°F). « . + « . , . 56

Radiation coefficient from blade wall to insert
surface, hp, Btu/(hr)(sq £8)(°F) . . . 4+ v 4 v o v v o o012

Nozzle-surface emissivity for temperatures of
l700°and1900°F,€n ocon'ccoq-ln'gvtotoougs

Insert-surface emissivity for temperatures of 600° _
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Figure f. -~ Sketches of root section of air-cooclied turbine blades.
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